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(57) ABSTRACT

The invention relates to a measuring instrument for time-
variable magnetix fluxes, or flux gradients, to electrical
resistance elements, and to a measuring system comprising
a measuring instrument or electrical resistance element
according to the invention. The core component of the
measuring instrument is a flux transformer composed of a
base material which has a phase transition to the supercon-
ducting state. According to the invention, even when the
base material is in the superconducting state, this flux
transformer comprises at least one load region having elec-
trical resistance that is other than zero for dissipating the
electric energy in the conductor loop thereof. For this
purpose, according to the invention the conductor loop and
the magnetic field source are disposed in one plane and are
typically photolithographically structured. The resistance
elements according to the invention, having resistance val-
ues of <107*Q, are used as core components in the measur-
ing instrument. According to the invention, measurement is
possible in a broader frequency range, with less noise and
with greater sensitivity than was possible with generic
measuring instruments or measuring systems.
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MEASURING INSTRUMENT, ELECTRICAL
RESISTANCE ELEMENTS AND MEASURING
SYSTEM FOR MEASURING
TIME-VARIABLE MAGNETIC FIELDS OR
FIELD GRADIENTS

BACKGROUND OF THE INVENTION

The invention relates to a measuring instrument for time-
variable magnetic fields or field gradients, to electrical
resistance elements, which can be used as core components
in the measuring instrument, and to a measuring system
comprising a measuring instrument or an electrical resis-
tance element according to the invention.

Superconducting quantum interference devices (SQUIDs)
are at present the most sensitive sensors for magnetic fields.
The dynamic range thereof, however, is limited. If the
measuring site is permeated not only by the time-variable
magnetic field to be measured, but also by an interference
field, which is static and greater by several orders of
magnitude, or which can be varied only slowly, the sensor is
often saturated by the interference field alone. The measure-
ment signal itself is only a very small modulation in a high
background signal caused by the interference field.

Flux transformers are employed so as to separate the
measurement signal from the background signal. Using a
pick-up coil, these convert the time-variable component of
the magnetic flux generated by the field to be measured in
this pick-up coil into electric current. This current feeds a
magnetic field source, which typically is a coil (input
coupling coil), which thereupon generates an auxiliary mag-
netic field. This auxiliary field is measured by the sensor
itself, which is typically a SQUID.

To this end, superconducting flux transformers are typi-
cally employed for the most sensitive measurements at low
frequencies so as to minimize signal losses (J. E. Zimmer-
mann, N. V. Frederick, “Miniature Ultrasensitive Supercon-
ducting Magnetic Gradiometer and Its Use in Cardiography
and Other Applications”, Appl. Phys. Lett. 19, 16 (1971)).
The disadvantage is that successive interference compo-
nents, which are due to highly static as well as very slowly
variable (time constant>10 min) magnetic interference
fields, accumulate in the circuit composed of the pick-up coil
and magnetic field source. This progressively worsens the
dynamic range and sensitivity of the measuring system.

Normally conducting flux transformers are known, for
example, from (T. Q. Yang, Kenichiro Yao, Daisuke Yam-
aski, Keiji Enpuku, “Magnetometer utilizing SQUID pico-
voltmeter and cooled normal pickup coil”, Physica C 426-
431, 1596-1600 (2005)) and (D. F. He, H. Ttozaki, M.
Tachiki, “Improving the sensitivity of a high-T, SQUID at
MHz frequency using a normal metal transformer”, Super-
conductor Science and Technology 19, pp. 231-234 (2006)).
The disadvantage is that, at approximately 10 ps, the relax-
ation time constants of these flux transformers are too short,
so that high losses occur at low frequencies below approxi-
mately 100 kHz and the achievable measurement results are
no longer meaningful. At the same time, they introduce
tremendous noise into the measurement signal in this fre-
quency range.

A flux transformer is known from (H. Dyvorne, J. Scola,
C. Fermon, J. F. Jacquinot, M. Pannetier-Lecoeur, “Flux
transformers made of commercial high critical temperature
superconducting wires”, Review of Scientific Instruments 79,
025107 (2008)), the pick-up coil and input coupling coil of
which are each made of tape-shaped wires and which are
connected to each other by a tape-shaped double-circuit line.
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The normally conducting soldering points between the coils
and the double-circuit line dissipate the interference com-
ponents accumulating in superconducting coils. The disad-
vantage is that the sensitivity of this array is insufficient,
notably for biomagnetic and geomagnetic measurements.

SUMMARY OF THE INVENTION

It is therefore the object of the invention to provide a
measuring instrument and a method, by which time-variable
magnetic fields, or field gradients, can be measured at low
and high frequencies, at a time constant that can be selected
within a broader range and with greater sensitivity, yet less
noise, as compared to the prior art.

These objects are achieved according to the invention by
a measuring instrument according to the main claim, by
electrical resistance elements, which can be used as core
components in the measuring instrument, according to the
additional independent claims, and by a measuring system
according to a further independent claim. Further advanta-
geous embodiments will be apparent from the dependent
claims.

As part of the invention, a measuring instrument for
time-variable magnetic fields, or field gradients, was devel-
oped. This measuring instrument comprises a flux trans-
former. The flux transformer contains a conductor loop
(“pick-up coil”) comprising a base material, which has a
phase transition to the superconducting state, for converting
a time-variable magnetic flux, or flux gradient, into an
electric current, and a magnetic field source that is fed by
this conductor loop for converting the electric current into an
auxiliary magnetic field. The material of the magnetic field
source advantageously likewise has a phase transition to the
superconducting state. The time-variable magnetic flux, or
flux gradient, is advantageously generated solely by the
time-variable component of the magnetic field, or magnetic
field gradient, to be measured. The measuring instrument
comprises a sensor such as a SQUID for the auxiliary
magnetic field.

Even when the base material is in the superconducting
state, the flux transformer comprises at least one resistive
region (also referred to as a “load region”) having electrical
resistance that is other than zero for dissipating the electric
energy in the circuit, which comprises the conductor loop
and the magnetic field source. The load region may also
comprise the conductor loop, the magnetic field source, or
portions of the conductor loop or magnetic field source. This
embodiment is advantageous, for example, when the con-
ductor loop or the magnetic field source is a type II super-
conductor and is operated in the respective application in the
superconducting state, yet above the first critical magnetic
field thereof, or above the first critical current thereof. The
superconducting material is then permeated by Abrikosov
vortices. If these are mobile, energy is required for this
movement associated with friction, with this energy acting
as resistance that is other than zero. The load region,
however, is generally different from the conductor loop and
the magnetic field source. The load region is then composed
of non-superconducting material and is integrated, for
example serially, into the circuit comprising the conductor
loop and magnetic field source.

According to the invention, the conductor loop and the
magnetic field source are disposed in one plane. To this end,
the conductor loop and/or the magnetic field source can be
designed, in particular, as planar structures of thin films
having a layer thickness of approximately 1 um or less. It is
advantageous for the conductor loop and/or the magnetic
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field source to be designed as epitaxial superconducting
layers on monocrystalline substrates, especially when the
base material of the conductor loop and/or the material of the
magnetic field source is a high-temperature superconductor.
Such layers can be structured by way of photolithography,
for example. One embodiment of the conductor loop and/or
the magnetic field source in the manner of a thin film
structure advantageously improves the sensitivity of the
measuring instrument and reduces noise.

The superconducting wires and tapes employed by
Dyvorne et al. are very difficult to convert from thin films
into planar structures.

The arrangement in one plane shall not be understood to
be limiting in such a way that the conductor loop and the
magnetic field source must be disposed on the same sub-
strate. The conductor loop and the magnetic field source can
be structured on separated substrates, for example, which are
joined and electrically connected by the structured surfaces
thereof (“flip-chip” technology). To this end, a normally
conducting layer may be disposed, in particular, on one
substrate, or on both substrates. The intermediate layer
formed as a result between the two substrates when joining
the substrates can advantageously function as the load
region between the conductor loop and the magnetic field
source, notably when both the conductor loop and the
magnetic field source are produced from high-temperature
superconducting materials. This advantageously overcomes
the difficulties that usually occur upon contact between
ceramic high-temperature superconductors and normally
conducting metals. If, in contrast, the conductor loop and the
magnetic field source are composed of low-temperature
superconducting materials, it is more advantageous for the
electrical connection between the two substrates to be super-
conducting and for the load region to be implemented on one
of the substrates, or on both substrates. This type of manu-
facture can be better controlled and reproduced in terms of
the technology than the introduction of a normally conduct-
ing intermediate layer between the two substrates.

By combining the superconducting conductor loop with
the non-superconducting load region, very low resistance
values can be achieved in the circuit, which comprises the
conductor loop and the magnetic field source. The ohmic
resistance value can be tailored to approach zero so closely
that energy is just barely dissipated from the circuit at a
relaxation time that is relevant for the respective application.
This process was observed in Dyvorne of al. However, the
sensitivity of the array disclosed by Dyvorne et al. was
insufficient, notably for biomagnetic and geomagnetic mea-
surements, because only a fraction of the magnetic flux that
permeated the pick-up coil was transferred to the input
coupling coil (see FIG. 3 in Dyvorne et al. with related
description). It has now been found that the arrangement
according to the invention of the conductor loop and mag-
netic field source in one plane can advantageously reduce
the losses of magnetic flux on the path from the conductor
loop to the magnetic field source. With this geometry, the
line length between the conductor loop and the magnetic
field source can advantageously be minimized. In addition,
this line can be designed so as to minimize the inductance
per unit length thereof. For example, the forward and return
conductors between the conductor loop and magnetic field
source can be structured so closely next to each other that
these lines enclose only a very small surface area between
them. The forward and return conductors can notably be
stacked on top of each other, whereby they are separated by
a thin insulating film.
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It has been found that the total inductance of the line
between the conductor loop and magnetic field source can
thus be minimized. This inductance is decisive for the
parasitic magnetic flux that the line between the conductor
loop and magnetic field source generates when the current
passes through from the conductor loop to the magnetic field
source itself. The greater this parasitic flux is, the lower the
auxiliary field that is generated by the magnetic field source
and can be detected by the sensor.

The conductor loop can notably be a coil made of a wire
or a thin film having one or more windings. This embodi-
ment is also referred to hereinafter as a pick-up coil. The
magnetic field source can notably be a coil made of a wire
or a thin film having one or more windings. This embodi-
ment is also referred to hereinafter as an input coupling coil.
The pick-up coil and/or the input coupling coil advanta-
geously have a plurality of windings. This increases the
respective inductance, and hence the ratio between the field,
or field gradient, to be measured and the electric current in
the pick-up coil.

The pick-up coil advantageously has a diameter of 1 cm
or more, preferably of 3 cm or more, and still more prefer-
ably of 5 cm or more. Especially in conjunction with a
further advantageous embodiment, in which the input cou-
pling coil has a diameter of 3 mm or less, the effect of such
a size is that the flux effected by the magnetic field, or
magnetic field gradient, which is to be measured, is con-
centrated in terms of the surface area, during the transfer
from the pick-up coil to the input coupling coil, whereby the
magnetic field at the sensor is amplified. The sensor can
more reliably distinguish a magnetic field thus amplified
from external interference fields, which improves the accu-
racy of the measurement. Examples of such interference
fields are the Earth’s magnetic field and magnetic fields that
originate from current-conducting lines. In the interest of a
large amplification of the field, it is generally advantageous
for the ratio of the diameters of the input coupling coil and
pick-up coil to be no more than 0.1. This was not achieved
in Dyvorne et al.

A diameter of the input coil of 3 mm or less results in
improved magnetic field amplification by the flux trans-
former and improved coupling to the sensor, because this
corresponds to the maximum size of the sensitive zone of
customary sensitive magnetic field sensors. The sensitive
zone is deliberately kept small in these sensors so as to
minimize residual noise (notably with SQUIDs) and inter-
ference. Moreover, a small sensitive zone can be shielded
disproportionately better against external magnetic fields
than a larger sensitive zone. In addition, the smaller the
sensitive zone is, the less an interference field that is
distributed over a large area, such as the Earth’s magnetic
field, contributes to the measurement signal. In the interest
of high amplification, diameters of the input coupling coil
down to 100 um may be advantageous. This is possible
primarily with photolithographically structured multi-layer
input coupling coils that have a large number of windings
which are made of thin films on a planar substrate.

The input coupling coil advantageously has between 80%
and 120% of the inductance of the pick-up coil, and more
particularly the same inductance as the pick-up coil. This is
when the magnetic flux that is generated by the magnetic
field, or magnetic field gradient, to be measured in the
pick-up coil is converted most efficiently into a magnetic
field originating from the input coupling coil. If the input
coupling coil and pick-up coil have differing diameters, the
winding numbers must be adjusted accordingly to achieve
the same inductances. The inductance of a coil is approxi-
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mately linear to the diameter thereof and quadratic in the
number of windings thereof. The ratio of the numbers of
windings between the input coupling coil and pick-up coil is
thus advantageously at least as large as the square root of the
ratio of the diameters of the input coil and pick-up coil
(hereinafter referred to as q). If the ratio of the numbers of
windings is exactly equal to g, the magnetic field at the
sensor is maximally amplified as compared to the field in the
pick-up coil. Amplification factors of approximately 100 can
thus be achieved.

The tape-shaped superconductors used by Dyvorne et al.
cannot achieve an input coupling coil diameter of 3 mm or
less because these superconductors lose the superconduc-
tivity thereof when they are bent in radii of less than 5 mm
(“Experimental” section in Dyvorne et al.).

In a particularly advantageous embodiment of the inven-
tion, the magnetic field source is disposed at least partially
inside the region that is enclosed by the conductor loop. A
particularly short length of the line between the conductor
loop and magnetic field source can be implemented in such
an arrangement. Ideally, the magnetic field source can be
integrated in the conductor loop so that, with the exception
of the existing conductor loop, no additional feed line is
required for the magnetic field source.

The time constant can advantageously be selected in a
wide range from approximately 1 ms to approximately 10°
s. To this end, the electrical resistance of the load region
advantageously ranges between 107''Q and 107°Q, and
preferably between 1071*Q and 1075Q.

Resistance of roughly 1Q, as is typical of normally
conducting flux transformers, worsened the measurement
accuracy due to the thermal noise (Nyquist noise) thereof
alone. At frequencies below 1 kHz, it was ultimately only
possible to conduct the magnetic field measurement at noise
of at least 10 pT/Hz", so that biomagnetic or geomagnetic
measurements, for example, were possible only with severe
limitations. In addition, the relaxation time for the circulat-
ing current, which is derived as the quotient from the total
inductance and the total resistance of the circuit, was below
10 us for typical inductances between 10 nH and 100 pH.
This was too short for many applications.

If the flux transformer, in contrast, was completely super-
conducting, having a resistance of basically 0Q up to an
accuracy of approximately 1072°Q, no energy whatsoever
was dissipated in it in this state. Any change in interfering
external magnetic fields, or magnetic field gradients, how-
ever slow this change may have been, was thus accumulated
in the form of electric energy. This energy was not fully
dissipated in the flux transformer until the superconducting
material was heated to above the transition temperature
thereof. The energy was generally dissipated only partially
if the critical current of the superconducting material was
briefly exceeded. When geomagnetic magnetic field mea-
surements, for example, were carried out, such as from a
helicopter, and this helicopter changed its orientation with
respect to the Earth’s magnetic field when turning, the flux
transformer was generally not ready for measurements until
it had heated up and cooled down again.

The measuring instrument according to the invention
eliminates both disadvantages, without requiring a trade-off
in terms of a loss of sensitivity. The low-noise resistors used
in this measuring instrument having very small resistance
values, but are not zero, can be employed not only for flux
transformers and sensors, but also for several other struc-
tures in superconducting electronics, such as RSFQ or
quantum computers.
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The inductance L of the flux transformer is composed of
the sum of inductances of the pick-up coil, input coupling
coil and all connections. In total, the flux transformer
advantageously has an inductance L between 1 nH and 1
mH, and preferably between 10 nH and 100 pH. Inductance
in this range is particularly suited to implement another
particularly advantageous embodiment of the invention. In
this further particularly advantageous embodiment, an elec-
tric current circulating in the flux transformer has a relax-
ation time T between 1 ms and 10° s, and preferably between
3 ms and 300 s, when the base material is in the supercon-
ducting state. As a result of such an available selection of
relaxation times, the measuring instrument according to the
invention can be used to measure both fast phenomena on a
frequency scale around 1 MHz and magnetic fields, and
magnetic field gradients, changing at frequencies of roughly
1/(27tt). For a meaningful measurement, it is necessary to be
able to capture a minimum number of oscillations within the
relaxation time. It is particularly important for the sensitivity
of the measuring system that the Nyquist noise of the load
region drops significantly at frequencies above 1/(27r).

The flux transformer is effectively an RL circuit for the
time-variable signals. In this RL circuit, R is the electrical
resistance of the load region and L is the inductance of the
flux transformer. The total resistance of the RL circuit is a
crucial parameter for the time constant T of this RL circuit.
The lower the resistance R of the load region, the larger is
the time constant T=L/R and the lower is the minimum
frequency (“cut-off frequency”) f,=R/(2nl.)=1/(2mt) that
can be measured by the measuring instrument. The resis-
tance values near zero implemented in the measuring instru-
ment expand the frequency range as compared to the mea-
surements conducted with normally conducting flux
transformers to the lower cut-off frequencies of f,=1 Hz, or
even below that. This measuring instrument can thus cover
the entire frequency range from below 1 Hz to approxi-
mately 1 MHz, with the upper limit of the frequency range
not being a physical limit, but defined solely by the avail-
ability of accordingly fast control electronics.

In a particularly advantageous embodiment of the inven-
tion, the transfer function of the flux transformer, which
describes the conversion of the field, or field gradient, to be
measured into the auxiliary field, is a high-pass filter. This
advantageously has a cut-off frequency f,, between 1 uHz
and 1 kHz, and preferably between 3 mHz and 300 Hz.
Compared to a direct measurement of the field to be mea-
sured, without using an auxiliary field, the flux transformer
then has the effect that static or slowly variable interfering
magnetic fields, or magnetic field gradients, in particular, do
not contribute to the auxiliary field, and hence cannot be
measured. This prevents a sensitive sensor from physically
reaching the saturation limit as a result of the interference
fields alone so that the measurement signal itself is not only
a small modulation in a high base signal. By physically
separating the interference fields before the sensor, the
dynamics and sensitivity of the sensor can be fully utilized
for the time-variable component of the magnetic field which
is to be measured. This is particularly advantageous for
biomagnetic and geomagnetic measurements as well as for
non-destructive material testing and material research. In
these measurements, signals from a wide frequency band
also occur. For these measurements, another embodiment of
the invention is thus particularly advantageous, in which the
transfer function of the flux transformer, which describes the
conversion of the field to be measured into the auxiliary
field, is permeable to frequencies between the cut-off fre-
quency f, of the high-pass filter and 1 MHz.
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In a particularly advantageous embodiment of the inven-
tion, the sensor is a superconducting quantum interference
device (SQUID). Given the sensitivity of SQUIDS of
approximately 1 fT/Hz'2, combined with a variety of other
properties, SQUIDs are still unsurpassed for many practical
applications. They require cooling so as to maintain the
superconducting state, however the technology required to
do so is already present because according to the invention
the flux transformer already contains superconducting com-
ponents. The SQUID may comprise a superconducting loop,
which is interrupted by at least one (rf SQUID) or two (dc
SQUID) Josephson contacts. It may also comprise two
superconducting loops, which are interrupted in total by
three (3JJ SQUID) Josephson contacts. Aside from SQUIDs,
it is also possible to employ other magnetic field sensors,
such as GMR, CMR, Hall or fluxgate magnetic field sensors,
to measure magnetic fields, or magnetic field gradients, that
have been amplified by the flux transformer and filtered.
These sensors are less sensitive than SQUIDs, but are
particularly suitable for applications in which only the
conductor loop and the magnetic field source are cooled, not
however the sensor.

In a particularly advantageous embodiment of the inven-
tion, the magnetic field sensor is part of the sensor. For
example, a superconducting coil having a winding that
serves as the magnetic field source can be interrupted by one
or more Josephson contacts. The coil, together with the
Josephson contacts, then forms a SQUID, which measures
the magnetic flux generated by the current that is fed from
the conductor loop when the current passes through the same
coil (“directly coupled SQUID”). Such an arrangement is
possible because the current that is fed from the conductor
loop and the signal generated at the Josephson contacts are
superimposed without interference in the coil because of the
superposition principle.

In a particularly advantageous embodiment of the inven-
tion, the conductor loop and the magnetic field source are
interconnected so that a change in the field to be measured
which is spatially homogeneous over the surface area that is
enclosed by the conductor loop does not alter the current
through the magnetic field source. The measuring instru-
ment is then a gradiometer, which measures only the spatial
gradient of the magnetic field at the site of the conductor
loop.

In a particularly advantageous embodiment of the inven-
tion, the load region contains a material that has no phase
transition to the superconducting state. Such a material
remains normally conducting, or insulating, when the base
material is cooled to below the transition temperature, and
then forms the source of the electrical resistance. The load
region may comprise a tunnel barrier for the tunnel contact
between superconducting electrodes, for example. It then
advantageously contains a very thin insulating material from
the group consisting of AlO,, MgO, AIN or MgO—NiO—
MgO, when the base material and material of the supercon-
ducting electrodes is a low-temperature superconductor,
such as Nb, NbN, Nb;Sn, NbTa, NbTi, or MgB,. For
high-temperature superconductors having a transition tem-
perature of more than 50 K as the base material, a compound
according to formula ZBa,Cu,O-, is notably suited, where Z
is an element from the group consisting of (Y, Nd, Gd, Ho,
Sm, Tm, Tb, Dy, Yb, Er or Eu). YBa,Cu,0, _, for example,
has a transition temperature of approximately 93 K. The
materials PrBa,Cu,0,_, or SrTiO; are particularly suited for
tunnel barriers when YBa,Cu,0,_, is the base material and
the material of the superconducting electrodes. The tunnel
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contacts are primarily thin film structures so as to produce
the insulator layers in typical thicknesses of less than 100
nm, in a controlled manner.

The load region, however, may also contain normally
conducting metals, such as silver, gold, platinum or the
alloys thereof. The normally conducting resistance of these
metals can then be taken advantage of, without necessitating
the creation of a complicated tunnel contact. If the base
material is a high-temperature superconductor, which con-
tains a compound according to formula ZBa,Cu,0,_,, par-
ticularly silver, gold, platinum or the alloys thereof can be
coupled to electrodes made of this base material with
particularly low contact resistance. If the base material is a
low-temperature superconductor such as Nb, NbN, Nb,Sn,
NbTa, NbTi, or MgB,, it is even easier to achieve negligible
contact resistance with silver, gold, platinum or the alloys
thereof. Moreover, with these base materials composed of
low-temperature superconductors it is possible to produce a
layered stack, in which the normally conducting metal (such
as silver, gold, platinum or the alloys thereof) is placed
between the lower and upper superconducting electrodes. In
the case of low-temperature superconductors as the base
material, it is even possible relatively easily to produce a
low-ohm resistor based on normally conducting foils having
low-temperature superconductor layers applied to both sides
of this foil.

In a particularly advantageous embodiment of the inven-
tion, the load region has a coplanar structure that is com-
posed of mutually spaced electrodes on a substrate, wherein
these electrodes may contain, in particular, the base material
of the conductor loop. The electrodes may be notably
designed as thin films for this purpose. The electrodes may
be designed as loops. The electrodes, which are supercon-
ducting below the transition temperature thereof, are con-
nected by a normally conducting resistance layer. Structures
of this type produce only low magnetic noise and can be
manufactured in a variety of forms by means of optical
lithography or electron beam lithography. The resistance of
these structures is the sum of the resistance of the normally
conducting layer between the superconducting electrodes
and two contact resistances between the normally conduct-
ing layer and the superconducting electrodes. The contact
resistances should be as low as possible so that, ideally, they
can be neglected. The distance of the electrodes from each
other should be small, so as to minimize the resistance of the
normally conducting layer. However, it must be large
enough so as to still prevent superconducting short-circuits.
It is also desirable for a section, on which the electrodes are
disposed at a distance opposite each other, to be imple-
mented so as to be as long as possible. The longer this
section between the electrodes is, the lower the resistance of
the structure is. Particularly low resistance and relatively
low magnetic noise are achieved in an advantageous
embodiment of the invention in which the electrodes are
meander-shaped. Even lower resistance is attained, in
exchange for higher magnetic noise, when using an inter-
digitizing structure. In this structure, a respective “finger” of
one electrode and a respective “finger” of the other electrode
are always disposed next to and at a distance from each
other.

If the base material of the conductor loop is, for example,
a high-temperature superconductor that contains a com-
pound according to formula ZBa,Cu,0O, ,, epitaxial layers
made of the same material are best grown on substrates that
are made of MgO or SrTiO;. Both materials are insulators
and do not influence the transport properties of the thin film
structures. Given the low resistivity and a small contact



US 9,476,950 B2

9

resistance to ZBa,Cu;0,_, of silver, gold, platinum or the
alloys thereof, the resistance layer is advantageously com-
posed of these materials.

In an alternative advantageous embodiment of the inven-
tion, the load region comprises a layered stack that is
composed of electrodes having a resistance layer disposed
between the electrodes. The electrodes are superconducting
below the transition temperature thereof. They are electri-
cally connected by the resistance layer. This embodiment is
particularly useful if the electrodes are made of the base
material and this base material is a low-temperature super-
conductor, such as niobium. If the electrodes are made of a
high-temperature superconductor, it is possible to imple-
ment such layered stacks in what is known as flip chip
technology: Both superconducting electrodes can be epitaxi-
ally produced on two different substrates, structured by way
of photolithography, and electrically connected to each other
by a normally conducting layer that is disposed between the
substrates. For this purpose, the normally conducting layer
can, in particular, be formed by layers that are present on one
of the substrates, or even on both substrates, prior to joining
the substrates.

The magnetic field source and the load region can be
structured (“integrated”) as thin films on the same substrate
or, as an alternative, they can be structured on separate
substrates that are joined by the structured surfaces thereof
(“flip-chip” technology). The conductor loop and the mag-
netic field source can also be structured (“integrated”) as
thin films on the same substrate or, as an alternative, they can
be structured on separate substrates that are joined by the
structured surfaces thereof (“flip-chip” technology). The
sensor and the magnetic field source can be structured
(“integrated”) on the same substrate or, as an alternative,
they can be structured on separate substrates that are joined
by the structured surfaces thereof (“flip-chip” technology).
The integration of the magnetic field source and sensor can
even go as far as making the magnetic field source a part of
the sensor. In the preferred embodiment in which the sensor
is a SQUID, notably the conductor loop of the SQUID,
which is interrupted by one or more Josephson contacts, can
also be used as the magnetic field source that applies the
auxiliary magnetic field to the surface area delimited by the
conductor loop. This principle is best suited when the base
material is a high-temperature superconductor. If, in con-
trast, the base material is a low-temperature superconductor,
better results are achieved when the magnetic field source is
electrically insulated from the SQUID and thus is coupled to
the SQUID only inductively.

All these embodiments have the advantage that they can
be produced using the photolithographic structuring tech-
niques common in mass production.

In a further advantageous embodiment of the invention,
the sensor and the magnetic field source are located inside a
magnetic shield. The conductor loop can then remain outside
of the shield. If it is exposed to a slowly variable external
interference field, or if it is moved by such a field, the
electric energy it introduces is dissipated by the load region.

The measuring instrument according to the invention
takes advantage of a tailored resistance value of the load
region that is close to zero. As described above, such
low-noise resistors can be used not only for flux transform-
ers and sensors, but also for several other structures in
superconducting electronics, such as RSFQ or quantum
computers. The invention thus, in general, also refers to an
electrical resistance element having a resistance value that is
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other than zero and is 107*Q or less, and preferably 107°Q
or less. This resistance element can have two particularly
advantageous designs:

a coplanar structure composed of mutually spaced elec-
trodes, which are electrically connected by a normally
conducting resistance layer, and can be disposed in
particular on a substrate, wherein the electrodes can
notably be meander-shaped and/or designed so as to
interdigitize the structure, and/or

a layered stack composed of electrodes, between which a
normally conducting resistance layer is disposed.

To this end, the respective material of the electrodes has

a phase transition to the superconducting state. The elec-
trodes can notably be structured by means of photolithog-
raphy.

The normally conducting resistance layer can notably
comprise a normally conducting metal, and particularly
preferably gold, silver, platinum or an alloy containing these
elements. The layered stack may also comprise a thin foil
made of a normally conducting metal, which is coated on
both sides with a material that has a phase transition to the
superconducting state.

Proceeding from these design approaches and the addi-
tional conditions for the location in the superconducting
circuit at which the resistance element is to be used, a person
skilled in the art can implement a specific embodiment
having a predefined resistance value using the routine meth-
ods of classic electrodynamics.

Because the resistance element can be used as a key
component in the measuring instrument according to the
invention, which in turn constitutes the first implementation
of a device for carrying out the method according to the
invention, which is described hereafter, the disclosure with
respect to the resistance element which exists in connection
with the measuring instrument also expressly refers to the
resistance element per se.

The invention also relates to a measuring system for
biomagnetic measurements, for geomagnetic measurements,
for non-destructive material testing and/or material research,
containing a measuring instrument according to the inven-
tion or an electrical resistance element according to the
invention. These applications benefit from the respective
advantages according to the invention, notably the sensitiv-
ity, the spectral band width and the dynamic range of the
measuring system.

The subject matter of the invention will be described in
more detail hereafter based on figures, without thereby
limiting the subject matter of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary embodiment of the measuring
instrument according to the invention.

FIGS. 2a, 2b and 2c¢ are possible embodiments of a
resistance element (“load region”) according to the inven-
tion: a layered stack comprising a resistance layer or tunnel
barrier as the central layer (FIG. 2a), a coplanar structure of
two meander-shaped electrodes (FIG. 2b), and an interdigi-
tizing structure of two electrodes (FIG. 2¢).

FIGS. 3a and 3b are other exemplary embodiments of the
measuring instrument according to the invention, which can
be produced in “flip-chip” technology (FIG. 3a), and a
directly coupled SQUID serving as the sensor and a mag-
netic field source in a component (FIG. 35).

FIGS. 4a, 45, 4¢ and 4d show exemplary embodiments of
an interconnection of a pick-up coil and input coupling coil,
each acting as a radiometer: a structure comprising an input
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coupling coil as the connection in the center (FIG. 4a and
FIG. 4b) and two intersecting partial loops (FIG. 4¢), or
three intersecting partial loops (FIG. 4d).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 shows a sketch of an exemplary embodiment of the
measuring instrument according to the invention. The flux
transformer is a circuit, which is composed of a series
connection comprising a superconducting conductor loop as
the pick-up coil 1, a low-ohm resistor 2 as the load region,
and a superconducting coil 3 as the input coupling coil. In
this embodiment, any change in the magnetic flux through
the pick-up coil 1 causes a current through the coil 3 and thus
makes a contribution to the auxiliary magnetic field gener-
ated by the coil 3. The auxiliary field is measured by a
superconducting quantum interference device (SQUID) 4.

FIG. 2 shows three possible embodiments of the electrical
resistance element according to the invention, which can be
used as a load region 2.

FIG. 2a shows a cross-section of an exemplary embodi-
ment of a layered stack that is composed of electrodes 21a
and 214 having a resistance layer 22 disposed between the
electrodes. The electrodes 21a and 21a are made of a
low-temperature superconducting base material (Nb, NbN,
Nb;Sn, NbTa, NbTi, or MgB,) or a high-temperature super-
conducting base material (for example, a superconducting
material according to formula ZBa,Cu;0,_,, where Z can
notably be yttrium). An insulator (only in the case of tunnel
barriers), or a normally conducting material, can serve as the
resistance layer 22.

FIG. 2b shows an exemplary embodiment of a coplanar
structure of superconducting electrodes 23a and 235 in a top
view of a schematic drawing, which is not true to scale. The
electrodes are made of a low-temperature superconducting
base material (Nb, NbN, Nb;Sn, NbTa, NbTi, or MgB,) or
a high-temperature superconducting base material (for
example, a superconducting material according to formula
7ZBa,Cu,0, , where Z can notably be yttrium) and are
applied to an insulating substrate, which is made of MgO or
SrTiO; and which is not shown in FIG. 2b. The electrode
23a and the electrode 235 are disposed adjacent to each
other at a distance of 50 pm, for example. The electrodes 23a
and 235 are thus disposed adjacent to, and at a distance from,
each other and are electrically connected to each other by a
normally conducting material 24. The meander-shaped path
along the normally conducting material 24 has a consider-
able length. This path is significantly longer than the edge
length of the entire structure, which is approximately 1 cm.
The normally conducting material 24 can, for example, be
applied to the electrodes 23a and 235 as a laterally structured
resistance layer, as is illustrated in the sectional drawing in
the lower part of FIG. 25.

The total resistance of the resistance element thus
designed results from

!
R=p- T

Herein, p is the resistivity of the material (such as silver),
of which the normally conducting resistance layer is made,
and d is the thickness of the resistance layer (typically
approximately 1 pum). 1 is the distance between the two
superconducting electrodes 23a and 235 (typically 50 pm),
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and w is the effective width (approximately 100 cm) of the
normally conducting resistance layer 24 (“load region”),
measured along the meander-shaped normally conducting
connection between the superconducting electrodes 234 and
23b. The silver material of the resistance layer has a resis-
tivity p of approximately 1 uQ2 at low temperatures, so that
a total resistance R of 5x1077Q results for the arrangement
shown in FIG. 25, provided the electrodes 23a and 235 are
in the superconducting state.

FIG. 2¢ shows an exemplary embodiment of a interdigi-
tizing structure of superconducting electrodes 254 and 255
in a top-view schematic drawing that is not true to scale. The
electrodes are made of a low-temperature superconducting
base material (Nb, NbN, Nb;Sn, NbTa, NbTi, or MgB,) or
a high-temperature superconducting base material (for
example, a material according to formula ZBa,Cu,O, ,
where 7 can notably be yttrium) and are applied to an
insulating substrate that is made of MgO or SrTiO;, which
is not shown in FIG. 2¢. A “finger” 26a of electrode 254 and
a “finger” 265 of electrode 2554 are, in each case, disposed
adjacent to each other at a distance of 50 pm, for example.
The electrodes 25a and 254 are thus disposed adjacent to and
at a distance from each other and are electrically connected
to each other by a normally conducting material 27. The
meander-shaped path in the intermediate space of the two
finger electrodes 26a and 265 has a considerable length. This
path is significantly longer than the typical edge length of the
entire structure, which is approximately 1 cm. Along this
path, the electrical connection between the electrodes 25a
and 255, which is subject to resistance, is conveyed through
a resistance layer that is applied to the interdigitizing struc-
ture. It is to be expected that, with an identical edge length
for the structure, the resistance of the arrangement according
to FIG. 2c¢ is less, yet the noise is significantly greater than
in the structure according to FIG. 2b.

FIG. 3a shows another exemplary embodiment of the
measuring instrument according to the invention in a top
view of a schematic drawing that is not true to scale. The
superconducting pick-up coil 1 is structured on a first
substrate 5a, with this coil supplying the superconducting
coil, which here has a helical design, and the input coupling
coil 3, which is structured on the same substrate 5a, via a
low-ohm resistor 2. This input coupling coil 3 is disposed
inside the region that is enclosed by the pick-up coil 1. The
sensor 4 is designed here as a SQUID and comprises a
superconductor 41, which is interrupted by two Josephson
contacts 42a and 426 and is contacted by two metallic
contacts 43a and 435 with the evaluation unit, which is not
shown in FIG. 3. The sensor 4 is structured on a second
substrate 5b. The two substrates Sa and 56 are combined to
form the measuring instrument according to the invention by
joining the structured surfaces thereof. For this purpose, the
substrate 5a can be folded over the substrate 55, for example
(“flip-chip” technology). The coil 3 is then located inside the
superconductor 41, so that the auxiliary magnetic field
generated by the coil can be registered by the SQUID 4.

FIG. 35 shows an exemplary embodiment of the measur-
ing instrument according to the invention, in which the
magnetic field source 3 is part of the sensor 4, which here is
designed as a SQUID. The magnetic field source 3, which
here is the input coupling coil, is also the coil comprising a
winding that is interrupted by two Josephson contacts and
thus forms the SQUID 4. The current that is fed from the
pick-up coil 1 to the input coupling coil 3 flows along the
boundary of the region in which the SQUID is sensitive, yet
without flowing through the Josephson contacts (illustrated
by the arrows in FIG. 3b). The current thus generates the
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auxiliary magnetic field directly in the SQUID, without
interfering with the measurement of this auxiliary field.

FIG. 4 shows four exemplary embodiments of an inter-
connection of the input coupling coil 3 and the supercon-
ducting pick-up coil 1, in which a change in the flux to be
measured which is homogeneous over the pick-up coil 1
leaves the current through the superconducting input cou-
pling coil 3 unaltered. All subimages a to d are respective top
views of schematic drawings that are not true to scale.

In FIG. 4a, the pick-up coil 1 has an elliptical design. A
series connection composed of the helical coil 3 and a
low-ohm resistor 2 is disposed on the semi-minor axis
thereof. A change in the field to be measured which is
spatially homogeneous over the pick-up coil 1 causes two
opposing currents A and B, which are identical in terms of
the absolute values, to be induced in the pick-up coil 1, with
these currents cancelling each other out and thus not con-
tributing to the current through the input coil 3. In FIG. 45,
two further resistors (“load regions™) are additionally inte-
grated in the pick-up coil, which are used for high-pass
filtering and dissipating the currents A and B in the pick-up
coil.

The same principle is also implemented in FIG. 4¢, where
the pick-up coil 1 is composed of two intersecting partial
loops having the same surface areas and has the shape of the
mathematical infinity sign.

The arrangements shown in FIGS. 44 to 4¢ are first-order
gradiometers. A change in the field to be measured which is
spatially homogeneous over the pick-up coil 1 does not
result in any current through the input coupling coil 3. Only
a change in the flux to be measured which is spatially
inhomogeneous over the pick-up coil 1 results in currents A
and B that have different absolute values, and thus in a
differential current through the input coupling coil 3, which
generates an auxiliary magnetic field. This auxiliary field
cannot be registered by the sensor shown in FIG. 4.

FIG. 4d shows a second-order gradiometer. It comprises
three partial loops, in which a time-variable magnetic field,
or a time-variable magnetic field gradient, induces a respec-
tive current A, B or C. The center partial loop has the same
surface area as the two other partial loops combined. The
three partial loops intersect in two points. With both a
spatially homogeneous change in the field to be measured
and a change in the shape of a first-order gradient, the three
currents A, B and C offset each other, so that no current
flows through the input coupling coil 3. Only with a second-
order gradient do the currents not offset each other. A current
then flows through the input coupling coil 3, which gener-
ates an auxiliary field that can be detected by the sensor.

The same principle can be applied to higher-order gradi-
ometers.

All four arrangements have in common that the input
coupling coil 3 is disposed at least partially inside the region
that is enclosed by the pick-up coil 1. Here, the ideal case is
implemented, in which no additional feed lines are required
for the input coupling coil 3, aside from the pick-up coil 1.

The invention claimed is:

1. A measuring instrument for time-variable magnetic

fields, or field gradients, comprising:

a flux transformer having a conductor loop comprising a
base material, which has a phase transition to the
superconducting state, for converting a time-variable
magnetic flux, or flux gradient, into an electric current,
and a magnetic field source that is fed by said conductor
loop for converting the electric current into an auxiliary
magnetic field; and
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a sensor for the auxiliary magnetic field, wherein the flux
transformer, even when the base material is in the
superconducting state, comprises at least one resistive
region for dissipating the electric energy in the circuit,
which comprises the conductor loop and the magnetic
field source, the conductor loop and the magnetic field
source being disposed in one plane, and at least one
electrical resistance element which has an electric
resistance between 107'Q and 107°Q or at least one
tunnel contact at the resistive region.

2. A measuring instrument according to claim 1, wherein
the conductor loop and/or the magnetic field source are coils
that each have at least one winding.

3. The measuring instrument according to claim 2,
wherein the conductor loop has a diameter of 1 cm or more.

4. The measuring instrument according to claim 3,
wherein the conductor loop has a diameter of 3 cm or more.

5. The measuring instrument according to claim 4,
wherein the conductor loop has a diameter of 5 cm or more.

6. A measuring instrument according to claim 2, wherein
the magnetic field source has between 80% and 120% of the
inductance of the conductor loop.

7. The measuring instrument according to claim 6,
wherein the conductor loop and magnetic field source have
identical inductances.

8. A measuring instrument according to claim 2, wherein
the magnetic field source has a diameter of 3 mm or less.

9. A measuring instrument according to claim 2, wherein
the ratio of the diameters of the magnetic field source and
conductor loop is no more than 0.1.

10. A measuring instrument according to claim 2, wherein
the ratio of the numbers of windings between the magnetic
field source and conductor loop is at least as high as the
square root of the ratio of the diameters of the magnetic field
source and conductor loop.

11. The measuring instrument according to claim 2,
wherein the conductor loop is a pick-up coil.

12. The measuring instrument according to claim 2,
wherein the magnetic field source is an input coupling coil.

13. A measuring instrument according to claim 1, wherein
the electrical resistance element comprises a coplanar struc-
ture composed of mutually spaced electrodes, which are
electrically connected by a resistance layer made of a
normally conducting material, the material of the electrodes
having a phase transition to the superconducting state.

14. A measuring instrument according to claim 13,
wherein the resistive region has an electrical resistance
between 107''Q and 107°Q.

15. A measuring instrument according to claim 13,
wherein the structure of the electrical resistance element has
an interdigitizing design.

16. The measuring instrument according to claim 13,
wherein the resistive region is a load region.

17. A measuring instrument according to claim 1, wherein
the inductance of the flux transformer ranges between 1 nH
and 1 mH.

18. The measuring instrument according to claim 17,
wherein the inductance of the flux transformer ranges
between 10 nH and 100 pH.

19. A measuring instrument according to claim 1, wherein
an electric current circulating in the flux transformer has a
relaxation time T between 1 ms and 10° s at least when the
base material is in the superconducting state.

20. A measuring instrument according to claim 19,
wherein an electric current circulating in the flux trans-
former has a relaxation time T between 3 ms and 300 s, at
least when the base material is in the superconducting state.
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21. A measuring instrument according to claim 1, wherein
the transfer function of the flux transformer, which describes
the conversion of the field, or field gradient, to be measured
into the auxiliary field, is a high-pass filter.

22. The measuring instrument according to claim 21,
wherein the high-pass filter has a cut-off frequency f, of
between 1 pHz and 1 kHz.

23. The measuring instrument according to claim 22,
wherein the high-pass filter has a cut-off frequency f, of
between 3 mHz and 300 Hz.

24. The measuring instrument according to claim 1,
wherein the conductor loop and/or the magnetic field source
are designed as thin layers having a layer thickness of 1 pm
or less.

25. A measuring instrument according to claim 1, wherein
the material of the magnetic field source has a phase
transition to the superconducting state.

26. A measuring instrument according to claim 1, wherein
the magnetic field source is disposed at least partially inside
the region that is enclosed by the conductor loop.

27. A measuring instrument according to claim 1, wherein
the transfer function of the flux transformer, which describes
the conversion of the flux to be measured into the auxiliary
field, is permeable to frequencies between the cut-off fre-
quency f, of the high-pass filter and 1 MHz.

28. A measuring instrument according to claim 1, wherein
the sensor is a superconducting quantum interference device
(SQUID).

29. A measuring instrument according to claim 1, wherein
the magnetic field source is part of the sensor.

30. A measuring instrument according to claim 1, wherein
the conductor loop and the magnetic field source are inter-
connected so that a change in the field to be measured which
is spatially homogeneous over the surface area that is
enclosed by the conductor loop does not alter the current
through the magnetic field source.
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31. A measuring instrument according to claim 1, wherein
the base material comprises Nb, Nb,Sn, NbTa, NbTi, NbN
or MgB,.

32. A measuring instrument according to claim 1, wherein
the base material contains a compound according to formula
7ZBa,Cu,0,_, where Z is an element from the group con-
sisting of (Y, Nd, Gd, Ho, Tm, Tb, Dy, Yb, Sm, Er or Eu).

33. The measuring instrument according to claim 1,
wherein the tunnel contact is an insulator material from the
group consisting of AlO,, MgO, AIN, MgO—NiO—MgO,
PrBa,Cu,0,_, or SrTiO;.

34. A measuring instrument according to claim 1, wherein
the resistive region comprises a normally conducting metal
from the group consisting of Ag, Au, Pt or the alloys thereof.

35. A measuring instrument according to claim 1, wherein
the magnetic field source and the load region are structured
as thin films on the same substrate or, as an alternative, are
structured on separate substrates that are joined at the
structured surfaces thereof.

36. A measuring instrument according to claim 1, wherein
the conductor loop and the magnetic field source are struc-
tured as thin films on the same substrate or, as an alternative,
are structured on separate substrates that are joined at the
structured surfaces thereof.

37. A measuring instrument according to claim 1, wherein
the sensor and the magnetic field source are structured on the
same substrate or, as an alternative, are structured on sepa-
rate substrates that are joined at the structured surfaces
thereof.

38. A measuring instrument according to claim 1, wherein
the sensor and the magnetic field source are located inside a
magnetic shield.

39. A measuring instrument according to claim 1, wherein
the electrical resistance element comprises electrodes which
are meander-shaped.



